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1. Introduction 
Over the last two decades, polycrystalline thin-film CdS/CdTe solar cells fabricated on glass 
substrates have been considered as one of the most promising candidates for large-scale 
applications in the field of photovoltaic energy conversion (Surek, 2005; Goetzberger et al., 
2003; Romeo et al., 2004). CdTe-based modules have already made the transition from pilot 
scale development to large manufacturing facilities. This success is attributable to the 
unique physical properties of CdTe which make it ideal for converting solar energy into 
useful electricity at an efficiency level comparable to traditional Si technologies, but with the 
use of only about 1% of the semiconductor material required by  Si solar cells.  
To date, the record efficiencies of laboratory samples of CdS/CdTe solar cells and large-area 
modules are ~ 16.5 % and less than 10 %, respectively (Britt & Ferekides, 1993; Hanafusa et 
al., 1997; Meyers & Albright, 2000; Wu et al., 2001; Hanafusa et al., 2001; Bonnet, 2003). Thus, 
even the record efficiency of such type solar cells is considerable lower than the theoretical 
limit of 28-30% (Sze, 1981). Next challenge is to improve the performance of the modules 
through new advances in fundamental material science and engineering, and device 
processing. Further studies are required to reveal the physical processes determining the 
photoelectric characteristics and the factors limiting the efficiency of the devices.  
In this chapter, we present the results of studying the losses accompanying the photoelectric 
conversion in the thin-film CdS/CdTe heterostructures and hence reducing the efficiency of 
modules on glass substrate coated with a semitransparent ITO or SnO2 conducting layer. We 
discuss the main parameters of the material used and the barrier structure determining the 
photoelectric conversion efficiency in CdS/CdTe solar cell: (i) the width of the space-charge 
region, (ii) the lifetime of minority carriers, (iii) their diffusion length and drift length,  
(iv) the surface recombination velocity, and (v) the thickness of the CdTe absorber layer.  
Among other factors, one of the important characteristics determining the efficiency of a 
solar cell is the spectral distribution of the quantum efficiency which accounts for the 
formation of the drift and diffusion components of the photocurrent and ultimately the 
short-circuit current density. In the paper particular attention is given to this aspect of solar 
cell. We demonstrate the possibility to describe quantitatively the quantum efficiency 
spectra of the thin-film CdS/CdTe solar cells taking into account the recombination losses at 
the CdS-CdTe interface and the back surface of the CdTe absorber layer. 
Charge collection efficiency in thin-film CdS/CdTe solar cells are also discussed taking into 
consideration losses caused by a finite thickness of the p-CdTe layer, recombination losses at 
the front and back surfaces as well as in the space-charge region. The dependences of the 
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drift and diffusion components of short-circuit current on the uncompensated acceptor 
concentration, charge carrier lifetime, recombination velocities at the interfaces are 
evaluated and discussed.  
The mechanism of the charge transport in the CdS/CdTe heterostructure determining the 
other photoelectric parameters of the solar cell, namely, the open-circuit voltage and fill 
factor is also considered. It is shown that the above-barrier (diffusion) current of minority 
carriers is important only at high bias voltage, and the dominant charge transport 
mechanism is the generation-recombination occurring in the depletion layer. The observed 
I–V characteristics in the dark and the light are described mathematically in the context of 
the Sah-Noyce-Shockley theory. 
2. Spectral distribution of quantum efficiency of CdS/CdTe heterostructure 
In this section we will describe mathematically the spectral distribution of quantum 
efficiency of the thin-film CdS/CdTe solar cells taking into account the main parameters of 
the material used and the barrier structure, recombination in the space-charge region, at the 
CdS-CdTe interface and the back surface of the CdTe absorber layer.  
Quantum efficiency ηext is the ratio of the number of charge carriers collected by the solar 
cell to the number of photons of a given energy (wavelength λ) shining on the solar cell. 
Quantum efficiency relates to the response (A/W) of a solar cell to the various wavelengths 
in the spectrum. In the case of monochromatic radiation (narrow spectral range) ηext(λ) 
relates to the radiation power Popt and the photocurrent Iph by formula  
 
ph
ext
opt
/
( )
/
I q
P h
η λ ν= ,  (1) 
where q is the electronic charge, hν is the photon energy.  
2.1 Experimental 
Fig. 1(a) shows the quantum efficiency spectra of the CdS/CdTe solar cell taken at different 
temperatures. The substrates used for the development of thin film layers were glass plates 
coated with a semitransparent ITO (SnO2 + In2O3) layer. The window layer CdS (∼ 0.1 µm) 
was developed by chemical bath deposition (CBD); the absorber layer CdTe (1-3 µm) was 
deposited on top of CdS by close-space sublimation (CSS) (Mathew et al., 2007).  
Non-rectifying ohmic contact to the CdTe layer was fabricated by sputtering Ni in vacuum 
after bombarding the CdTe surface by Ar ions with energy ~ 500 eV. The electrical 
characteristics of two neighboring Ni contacts on the CdTe surface were linear over the 
entire range of measured currents. 
The spectral characteristics of the samples in the 300-900 nm range were recorded with a 
photoresponse spectral system equipped with a quartz halogen lamp. The spectral 
distribution of the photon flux at the outlet slit of the system was determined using a 
calibrated Si photodiode.  
As can be seen from Fig. 1(a), compared with the literature data, the measured curves seem 
to reflect the most common features of the corresponding spectral curves for these devices 
(Sites et al., 2001; McCandless et al., 2003; Ferekides et al., 2004).  
In the long-wavelength region, the spectra are restricted to the value λg corresponding to the 
band gap of CdTe which is equal to 1.46 eV at 300 K (λg = hc/Eg = 845 nm). In the short- 
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Fig. 1. (a) Spectral distribution of the quantum efficiency of CdS/CdTe device measured at 
different temperatures. (b) The transmission curves of the ITO coated glass (TITO) and the 
CdS layer (TCdS) as a functions of the wavelength λ. 
wavelength side, the quantum efficiency decays due to the lower transmission through the 
thin film layers: CdS in the range λ < 500-520 nm and ITO at λ < 350 nm (Fig. 1(b)). 
The external quantum efficiency ηext is related with the quantum efficiency of photoelectric 
conversion in the CdTe absorber layer, the transmission of the glass plate coated by ITO, 
TITO, and the transmission of the CdS layer, TCdS, by the expression: 
 ext ITO CdS intT Tη η=  (2) 
where ηint is the ratio of photogenerated carriers collected to the photon flux that arrives at 
the CdTe absorber layer. 
In order to describe the external quantum efficiency spectrum ηext we used the measured 
spectral dependences TITO(λ) and TCdS(λ) shown in Fig. 1(b). The quantum efficiency ηint will 
be determined in the following by considering the photoelectric processes in the diode 
structure. 
2.2 Width of the space-charge region and energy diagram of thin-film CdS/CdTe 
heterostructure 
One of the parameters of a solar cell that determines the electrical and photoelectric 
characteristics is the width of the space-charge region W. It is known that in CdS/CdTe solar 
cells only the CdTe is contributing to the light-to-electric energy conversion and the window 
layer CdS absorbs light in the range λ < 500-520 nm thereby reducing the photocurrent. 
Therefore in numerous papers where the energy band diagram of a CdS/CdTe junction is 
discussed a band bending in the CdS layer (and hence a depletion layer) is not depicted 
(see, for example, Goetzberger et al, 2003; Birkmire & Eser, 1997; Fritsche et al., 2001). 
Analyzing the efficiency of CdS/CdTe solar cells, however, one is forced to assume the 
concentration of uncompensated acceptors in the CdTe layer to be 1016-1017 cm–3 and even 
higher (a narrow depletion layer is assumed). It may appear that the latter comes into 
conflict with the commonly accepted model of CdS/CdTe as a sharply asymmetrical p-n 
heterojunction. In fact, this is not the case because the width of space-charge region of a 
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diode structure is determined by the concentration of uncompensated impurity (Nd – Na for 
CdS) rather than by the free carrier concentration (n for n-CdS). These values coincide only 
in an uncompensated semiconductor with a shallow donor level whose ionization energy is 
less than the average thermal energy kT. However, the CdS layer contains a large number of 
background impurities (defects) of donor and acceptor types, which introduce in the band 
gap both shallow and deep levels. The effect of self-compensation is inherent in this 
material: a donor impurity introduces p-type compensating defects in just as high 
concentration as needed to annihilate virtually the electrical activity of donor (Desnica et al, 
1999). As a result, CdS is a compensated semiconductor to a greater or lesser extent. In this 
case, the Fermi level is known to be pinned by the level (so-called pinning effect), which is 
partially compensated with the degree of compensation Na / Nd close to 0.5 (if Na / Nd = 0.5 
the Fermi level exactly coincides with the deep impurity level) (Mathew et al., 2007). 
Assuming Nd – Na equal to n, one can make serious mistake concerning the determination of 
the space-charge region width in CdS. Thus, due to a large number of background 
impurities (defects), the uncompensated donor concentration in the CdS layer can be much 
higher than the electron concentration in the conduction band of CdS. When such is the case 
the depletion layer of the CdS/CdTe diode structure is virtually located in the p-CdTe layer 
even in the case of a CdS layer with comparable high-resistivity (Fig. 2). This is identical to 
the case of an asymmetric abrupt p-n junction or a Schottky diode; the width of the space-
charge region in the CdS/CdTe heterojunction can be expressed as (Sze, 1981): 
 
2
o( , ) ( ) 1ϕ ϕ ⎛ ⎞= − −⎜ ⎟⎝ ⎠
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where εo is the electric constant, ε  is the dielectric constant of the semiconductor, ϕo = qVbi is 
the barrier height at the semiconductor side (Vbi is the built-in potential), V is the applied 
voltage, and Na − Nd is the uncompensated acceptor concentration in the CdTe layer.  
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Fig. 2. Energy diagram of n-CdS/p-CdTe heterojunction for forward-bias condition. ΔEc and 
ΔEv show  the discontinuities (offsets) of the conduction and valence bands, respectively. 
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2.3 Theoretical description of quantum efficiency 
The quantum efficiency ηint can be found from the continuity equation which is solved using 
the boundary conditions. The exact solution of this equation with account made for the drift 
and diffusion components as well as surface recombination at the CdS/CdTe interface leads 
to rather cumbersome and non-visual expression for ηint (Lavagna et al, 1977):  
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where S is the velocity of recombination at the front surface, Dn is the diffusion coefficient of 
electrons, and Ln = (τnDn)1/2) is the electron diffusion length. The values A, B, D1 and D2 in 
Eq. (5) are the integral functions of the absorption coefficient α, the width of the depletion 
layer W and the effective Debye length Wo = (εεokT/q2(Na – Nd))1/2. 
Eq. (5) may be essentially simplified. At the boundary between the depletion and neutral 
regions (x = W), the photogenerated electrons are entrained by strong electric field and, 
hence, one may put Δn(W) = 0. This means that the terms D1 and D2 in Eq. (5) can be 
neglected. When calculating the values A(α) and B, one can replace the integration by 
multiplication of the maximum value of the integrands by their "half-widths". The half-
widths are determined by the value of x at the point where the value of the integrand is 
smaller than the peak value by a factor of e = 2.71. 
After such simplification, instead of Eq. (5) one can write (Kosyachenko et al., 1999): 
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Comparison of the dependences ηint(λ) calculated in a wide range of the parameters and the 
absorption coefficient α shows that equation (6) approximates the exact equation (5) very 
well (Kosyachenko, 2006). 
It should be emphasized that Eqs. (5) and (6) do not take into consideration the 
recombination at the back surface of the CdTe layer (when deriving Eq. (5) the condition ∆n 
= 0 at x → ∞ was used) which can result in significant losses in the case of a thin CdTe layer 
with large diffusion length of the minority carriers. However, we can use the Eq. (5) to find 
the expression for the drift component of the photoelectric quantum yield. This can be done 
as follows. 
In the absence of recombination at the front surface, equation (6) transforms into the known 
Gartner formula (Gartner, 1959) 
 int
n
exp( )
1
1
W
L
αη α
−= − +   (7) 
which ignores recombination at the back surface of the CdTe layer. In this case, the 
photoelectric quantum yield caused by processes in the space-charge region is equal to the 
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absorptivity of this layer, that is, 1 – exp(–αW). Thus, subtracting the term 1 – exp(–αW) 
from the right side of Eq. (7), we obtain the expression for the diffusion component of the 
photoelectric quantum yield 
 o ndiff
n
exp( )
1
L
W
L
αη α α= − + ,  (8) 
which, of course, ignores recombination at the back surface of the CdTe layer. Subtracting  
exp(–αW)αLn/(1 + αLn) from the right side of Eq. (6) we come to the expression for the drift 
component of the photoelectric quantum yield taking into account surface recombination at 
the CdS-CdTe interface: 
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For the diffusion component of the photoelectric quantum yield that takes into account 
surface recombination at the back surface of the CdTe layer, we can use the exact expression 
obtained for the p-layer in a p-n junction solar cell (Sze, 1981) 
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where d is the thickness of the CdTe absorber layer, Sb is the recombination velocity at the 
back surface of the CdTe layer. 
The total quantum yield of photoelectric conversion in the CdTe absorber layer is the sum of 
the two components: 
 int drift difη η η= + .  (11)  
2.4 Comparison of calculation results with experiment 
Fig. 3(a) shows the computed spectra of the external quantum efficiency ηext(λ) illustrating 
the effect of the uncompensated donor impurities in a CdS/CdTe heterojunction. In this 
calculation the absorption curve α(λ) was used from publication Toshifumi et al., 1993, the 
values of S and τn  were taken as 107 cm/s and 10−10 s, respectively.  
It can be seen from Fig. 3(a) that, as the uncompensated donor concentration varies, the 
shape of the ηext(λ) curves undergo significant changes. If the Na – Nd decreases from 
1017 cm–3 to 1013 cm–3, the external quantum efficiency increases first and then decreases. The 
increase in ηext(λ) is due to the expansion of the depletion layer and, hence, to more efficient 
collection of photogenerated carriers from the bulk of the film. However, if the depletion  
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Fig. 3. (a) The external quantum efficiency spectra ηext calculated using equations.  
(4),(9)-(11) at τn = 10–10 s and different uncompensated acceptor concentrations Na − Nd,  
(b) at Na − Nd = 1016 cm–3 and different electron lifetimes τn and (c) the internal quantum 
efficiency spectra ηint calculated at different uncompensated acceptor concentrations and 
surface recombination velocity S = 7×107 cm/s (solid lines) and S = 0 (dashed lines). 
layer widens, the electric field becomes weaker which is favorable for the surface 
recombination. This effect is clearly demonstrated by the graphs for which Na – Nd is 1014 
cm–3 and 1013 cm–3: the surface recombination causes a significant decay with decreasing the 
wavelength. Evidently, the decay in photosensitivity in the λ < 400 nm region is also caused 
by absorption by the CdS layer and the conducting glass substrate. Absorption in the CdS 
layer masks the influence of surface recombination, however, that can be revealed in the 
spectra of “internal” quantum efficiency ηint shown in Fig. 3(c). As seen, the recombination 
losses are significant for rather low concentration of uncompensated acceptors 1014-1015 cm-3. 
As can be seen from Fig. 3(b), the variation in the carrier lifetime τn has practically no 
influence on the spectral curves of the device (Na – Nd = 1016 cm–3) in the wavelength range  
λ < 500 nm. This is because in this spectral range, the depth of penetration of photons  
α–1 (α > 105 cm–1) is equal to or even smaller than the width of the space-charge region W. 
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Thus, only a small portion of the incident radiation is absorbed outside the space charge 
region and therefore the dependence of diffusion component of photocurrent on the electron 
lifetime is negligible.  
On the other hand, in the wavelength range λ > 500 nm a considerable portion of the radiation 
is absorbed outside the space charge region and consequently as the electron lifetime increases 
the photoresponse also increases. When Na – Nd increases the effect of the electron lifetime 
increases and when Na – Nd decreases the effect of the electron lifetime becomes weaker so that 
at Na – Nd ≤ 1014 cm–3 the photosensitivity is practically independent of the electron lifetime 
except the long-wavelength edge of the spectrum. It follows from Fig. 3(a) and (b) that, by 
varying the values of Na – Nd and τ, one can obtain the photosensitivity spectra of various 
shapes including those similar to the experimental curves shown in Fig. 1(a). 
Fig. 4 illustrates the comparison of the calculated curves ηext(λ) using Eqs. (4),(9)-(11) with 
the measured spectrum taken at 300 K (we can not do it for other temperatures due to the 
lack of α values). The figure shows a quite good fit of the experimental data with the 
calculated values. Note that only the two adjustable parameters, the uncompensated 
acceptor concentration Na – Nd and electron lifetime τn, have been used to fit the calculation 
results with the experimental data and which were found to be 7×1016 cm–3 and 8×10–11 s, 
respectively. As can be seen from Fig. 3(c), the surface recombination velocity is not relevant at 
such high uncompensated acceptor concentration owing to the effect of a high electric field. 
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Fig. 4. Comparison of the measured (circles) and calculated (solid line) quantum efficiency 
spectrum ηext using Eqs. (4), (9)-(11) at Na – Nd = 7×1016 cm–3, τn = 8×10–11 s. The dashed line 
shows the spectrum of 100 % internal efficiency (Na – Nd = 1016 cm–3, τn = 10–6 s, d = 100 μm). 
3. Short-circuit current in CdS/CdTe heterostructure 
The obtained expressions for quantum efficiency spectra can be used to calculate the short-
circuit current density Jsc which is a quantitative solar cell characteristic reflecting the charge 
collection efficiency under radiation. The calculations will be done for AM1.5 solar radiation 
using Tables ISO 9845-1:1992 (Standard ISO, 1992). If Φi is the spectral radiation power 
density (in mW cm–2 nm–1) and hν is the photon energy (in eV), the spectral density of the 
incident photon flux is Φi/hνi (in s–1cm–2), and then 
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 λλλη ΔΦ= ∑
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qJ
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i
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)( ,  (12) 
where ∆λi is the wavelength range between the neighboring values of λi (the photon energy 
hνi) in the table and the summation is over the spectral range λ < λg = hc/Eg.  
3.1 The drift component of the short-circuit current 
Let us first consider the drift component of the short-circuit current density Jdrift using Eq. (12).  
Fig. 5 shows the calculation results for Jdrift depending on the space-charge region width W. 
In the calculations, it was accepted φo – qV = 1 eV, S = 107 cm/s (the maximum possible 
velocity of surface recombination) and S = 0. The Eq. (9) was used for ηint(λ). 
Important practical conclusions can be made from the results presented in the figure. 
If S = 0, the short-circuit current gradually increases with widening of W and approaches a 
maximum value of Jdrift = 28.7 mA/cm2 at W > 10 μm (the value Jdrift = 28.7 mA/cm2 is 
obtained from equation (12) at ηdrift = 1). 
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Fig. 5. Drift component of the short-circuit current density Jdrift of a CdTe-based solar cell as 
a function of the space-charge region width W (the uncompensated acceptor concentration 
Na – Nd) calculated for the surface recombination velocities S = 107 cm/s and S = 0. 
Such result should be expected because the absorption coefficient α in CdTe steeply 
increases in a narrow range hν ≈ Eg and becomes higher than 104 cm–1 at hν > Eg. As a result, 
the penetration depth of photons α–1 is less than ∼ 1 μm throughout the entire spectral range 
and in the absence of surface recombination, all photogenerated electron-hole pairs are 
separated by the electric field acting in the space-charge region. 
Surface recombination decreases the short-circuit current only in the case if the electric field 
in the space-charge region is not strong enough. The electric field decreases as the space-
charge region widens, i.e. when the uncompensated acceptor concentration Na – Nd 
decreases. One can see from Fig. 5 that the influence of surface recombination at  
Na – Nd = 1014-1015 cm–3 is quite significant. However, as Na – Nd increases and consequently 
the electric field strength becomes stronger, the influence of surface recombination becomes 
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weaker, and at Na – Nd ≥ 1016 cm–3 the effect is virtually eliminated. However in this case, the 
short-circuit current density decreases with increasing Na – Nd because a significant portion 
of radiation is absorbed outside the space-charge region. 
It should be noted that the fabrication of the CdTe/CdS heterostructure is typically 
completed by a post-deposition heat treatment. The annealing enables grain growth, 
reduces defect density in the films, and promotes the interdiffusion between the  
CdTe and CdS layers. As a result, the CdS-CdTe interface becomes alloyed into the  
CdTexS1-x-CdSyTe1-y  interface, and the surface recombination velocity is probably reduced to 
some extent (Compaan et al, 1999).  
3.2 The diffusion component of the short-circuit current 
In order to provide the losses caused by recombination at the CdS-CdTe interface and in the 
space-charge region at a minimum we will accept in this section Na – Nd ≥ 1017 cm–3. On the 
other hand, to make the diffusion component of the short-circuit current Jdif as large as 
possible, we will set τn = 3×10–6 s, i.e. the maximum possible value of the electron lifetime in 
CdTe. Fig. 6(a) shows the calculation results of Jdif (using Eqs. (10) and (12)) versus the CdTe 
layer thickness d for the recombination velocity at the back surface S = 107 cm/s and S = 0 
(the thickness of the neutral part of the film is d – W).  
One can see from Fig. 6(a) that for a thin CdTe layer (few microns) the diffusion component 
of the short-circuit current is rather small. In the case Sb = 0, the total charge collection in the 
neutral part (it corresponds to Jdif = 17.8 mA/cm2 at ηdif = 1) is observed at d = 15-20 μm.  
To reach the total charge collection in the case Sb = 107 cm/s, the CdTe thickness should be  
50 μm or larger. Bearing in mind that the thickness of a CdTe layer is typically between  
2 and 10 µm, for d = 10, 5 and 2 µm the losses of the diffusion component of the short-circuit 
current are 5, 9 and 19%, respectively. The CdTe layer thickness can be reduced by 
shortening the electron lifetime τn and hence the electron diffusion length Ln = (τnDn)1/2. 
However one does not forget that it leads to a significant decrease in the value of the 
diffusion current itself. This is illustrated in Fig. 6(b), where the curve Jdif(τn) is plotted for a 
thick CdTe layer (50 μm) taking into account the surface recombination velocity  
Sb = 107 cm/s. As it can be seen, shortening of the electron lifetime below 10–7-10–6 s results 
in a significant lowering of the diffusion component of the short-circuit current density.  
Thus, when the space-charge region width is narrow, so that recombination losses at the 
CdS-CdTe interface can be neglected (as seen from Fig. 5, at Na – Nd > 1016-1017 cm–3), the 
conditions for generation of the high diffusion component of the short-circuit current are  
d > 25-30 μm and τn > 10–7-10–6 s. 
In connection with the foregoing the question arises why for total charge collection the 
thickness of the CdTe absorber layer d should amount to several tens of micrometers. The 
value d is commonly considered to be in excess of the effective penetration depth of the 
radiation into the CdTe absorber layer in the intrinsic absorption region of the 
semiconductor. As mentioned above, as soon as the photon energy exceeds the band gap of 
CdTe, the absorption coefficient α becomes higher than 104 cm–1, i.e. the effective 
penetration depth of radiation α–1 becomes less than 10–4 cm = 1 μm. With this reasoning, 
the absorber layer thickness is usually chosen at a few microns. However, all that one does 
not take into the account, is that the carriers arisen outside the space-charge region, diffuse 
into the neutral part of the CdTe layer penetrating deeper into the material. Carriers reached 
the back surface of the layer, recombine and do not contribute to the photocurrent. Losses 
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Fig. 6. Diffusion component of the short-circuit current density Jdif as a function of the CdTe 
layer thickness d calculated at the uncompensated acceptor concentration Na – Nd = 1017 cm–3, 
the electron lifetime τn = 3×10–6 s and surface recombination velocity Sb = 107 cm/s and Sb = 0 
(a) and the dependence of the diffusion current density Jdif on the electron lifetime for the CdTe 
layer thickness d = 50 μm and recombination velocity at the back surface Sb = 107 cm/s (b). 
caused by the insufficient thickness of the CdTe layer should be considered taking into 
account this process.  
Consider first the spatial distribution of excess electrons in the neutral region governed by 
the continuity equation with two boundary conditions. At the depletion layer edge, the 
excess electron density Δn can be assumed equal zero (due to electric field in the depletion 
region), i.e. 
 Δn = 0 at x = W.  (13) 
At the back surface of the CdTe layer we have surface recombination with a velocity Sb: 
 b n
d n
S n D
dx
ΔΔ = −  at x = d,  (14) 
where d is the thickness of the CdTe layer. 
Using these boundary conditions, the exact solution of the continuity equation is (Sze, 1981): 
n
o 2 2
n n
b n
n
n n n
nb n
n n n
( ) ( ) exp[ ] cosh exp[ ( )]
1
cosh exp[ ( )] sinh exp[ ( )]
sinh
sinh cosh
x W
n T N W x W
L L
S L d W d W
d W L d W
D L L x W
LS L x W d W
D L L
ατλ λ α αα
α α α
⎧ ⎛ ⎞−⎪Δ = − − − − −⎨ ⎜ ⎟− ⎪ ⎝ ⎠⎩
⎡ ⎤⎛ ⎞ ⎛ ⎞− −− − − + + − −⎢ ⎥⎜ ⎟ ⎜ ⎟ ⎫⎛ ⎞− ⎪⎝ ⎠ ⎝ ⎠⎣ ⎦− × ⎬⎜ ⎟⎛ ⎞ ⎛ ⎞− − ⎪⎝ ⎠⎭+⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠
(15) 
where T(λ) is the optical transmittance of the glass/TCO/CdS, which takes into account 
reflection from the front surface and absorption in the TCO and CdS layers, No is the 
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number of incident photons per unit time, area, and bandwidth (cm–2s–1nm–1), Ln = (τnDn)1/2 
is the electron diffusion length, τn is the electron lifetime, and Dn is the electron diffusion 
coefficient related to the electron mobility μn through the Einstein relation: qDn/kT = μn. 
Fig. 7 shows the electron distribution calculated by Eq. (15) for different CdTe layer 
thicknesses. The calculations have been carried out at α = 104 cm–1, Sb = 7×107 cm/s,  
μn = 500 cm2/(V⋅s) and typical values τn = 10–9 s and Na − Nd = 1016 cm–3 (Sites & Xiaoxiang, 
1996).  As it is seen from Fig. 7, even for the CdTe layer thickness of 10 μm, recombination at 
back surface leads to a remarkable decrease in the electron concentration. If the layer 
thickness is reduced, the effect significantly enhances, so that at d = 1-2 μm, surface 
recombination “kills” most of the photo-generated electrons. Thus, the photo-generated 
electrons at 10–9 s are involved in recombination far away from the effective penetration 
depth of radiation (∼ 1 μm). Evidently, the influence of this process enhances as the electron 
lifetime increases, because the non-equilibrium electrons penetrate deeper into the CdTe 
layer due to increase of the diffusion length. Calculation using Eq. (15) shows that if the 
layer thickness is large (∼ 50 μm), the non-equilibrium electron concentration reduces 2 
times from its maximum value at a distance about 8 μm at τn = 10–8 s, 20 μm at τn = 10–7 s, 32 
μm at τn = 10–6 s. 
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Fig. 7. Electron distribution in the CdTe layer at different its thickness d calculated at the 
electron lifetime τn = 10–9 s (a) and τn = 10–8 s (b). The dashed lines show the electron 
distribution for d = 10 and 20 μm if recombination at the back surface is not taken into 
account. 
3.3 The density of total short-circuit current 
It follows from the above that the processes of the photocurrent formation within the space-
charge region and in the neutral part of the CdTe film are interrelated. Fig. 8 shows the total 
short-circuit current Jsc (the sum of the drift and diffusion components) calculated for 
different parameters of the CdTe layer, i.e. the uncompensated acceptor concentration, 
minority carrier lifetime and layer thickness. As the space-charge region is narrow (i.e., Na – Nd 
is high), a considerable portion of radiation is absorbed outside the space-charge region. One 
can see that when the film thickness and electron diffusion length are large enough (the top 
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curve in Fig. 8(a) for d = 100 µm, τn > 10–6 s), practically the total charge collection takes place 
and the density of short-circuit current Jsc reaches its maximum value of 28.7 mA/cm2 (note, 
the record experimental value of Jsc is 26.7 mA/cm2 (Holliday et al, 1998) ). However if the 
space-charge region is too wide (Na – Nd < 1016-1017 cm–3) the electric field becomes weak and 
the short-circuit current is reduced due to recombination at the front surface. 
For d = 10 µm, the shape of the curve Jsc versus Na – Nd is similar to that for d = 100 µm but 
the saturation of the photocurrent density is observed at a smaller value of Jsc. A significant 
lowering of Jsc occurs after further thinning of the CdTe film and, moreover, for d = 5 and  
3 µm, the short-circuit current even decreases with increasing Na – Nd due to incomplete 
charge collection in the neutral part of the CdTe film. 
It is interesting to examine quantitatively how the total short-circuit current varies when the 
electron lifetime is shorter than 10–6 s. This is an actual condition because the carrier 
lifetimes in thin-film CdTe diodes can be as short as 10–9-10–10 s and even smaller (Sites & 
Pan, 2007). 
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Fig. 8. Total short-circuit current density Jsc of a CdTe-based solar cell as a function of the 
uncompensated acceptor concentration Na – Nd calculated at the electron lifetime τn = 10–6 s 
for different CdTe layer thicknesses  d (a) and at the thickness d = 5 μm  for different τn (b). 
Fig. 5(b) shows the calculation results of the total short-circuit current density Jsc versus the 
concentration of uncompensated acceptors Na – Nd for different electron lifetimes τn. 
Calculations have been carried out for the CdTe film thickness d = 5 µm which is often used 
in the fabrication of CdTe-based solar cells (Phillips et al., 1996; Bonnet, 2001; Demtsu & 
Sites, 2005; Sites & Pan, 2007). As it can be seen, at τn ≥ 10–8 s the short-circuit current density 
is  26-27 mA/cm2 when Na – Nd > 1016 cm–3. For shorter electron lifetime, Jsc peaks in the  
Na – Nd range (1-3)×1015 cm–3. As Na – Nd is in excess of this concentration, the short-circuit 
current decreases since the drift component of the photocurrent reduces. In the range of the 
uncompensated acceptor concentration Na – Nd < (1-3)×1015 cm–3, the short-circuit current 
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density also decreases, but because of recombination at the front surface of the CdTe layer.  
Anticipating things, it should be noted, that at Na – Nd < 1015 cm–3, recombination in the 
space-charge region becomes also significant (see Fig. 9). Thus, in order to reach the short-
circuit current density 25-26 mA/cm2 when the electron lifetime τn is shorter than 10–8 s, the 
uncompensated acceptor concentration Na – Nd should be equal to (1-3)×1015 cm–3 (rather 
than Na – Nd > 1016 cm–3 as in the case of τn ≥ 10–8 s). 
4. Recombination losses in the space-charge region 
In analyzing the photoelectric processes in the CdS/CdTe solar cell we ignored the 
recombination losses (capture of carriers) in the space-charge region. This assumption is 
based on the following considerations.  
The mean distances that electron and hole travels during their lifetimes along the electric 
field without recombination or capture by the centers within the semiconductor band gap, 
i.e. the electron drift length λn and hole drift length λp, are determined by expressions 
 n n noEλ μ τ= ,  (16) 
 p p poEλ μ τ= ,  (17) 
where E is the electric-field strength, μn and μp are the electron and hole mobilities, 
respectively. 
In the case of uniform field (E = const), the charge collection efficiency is expressed by the 
well-known Hecht equation (Eizen, 1992; Baldazzi et al., 1993): 
 
pn
c
n p
1 exp 1 exp
W x x
W W
λλη λ λ
⎡ ⎤⎛ ⎞⎡ ⎤⎛ ⎞−= − − + ⎢ − − ⎥⎜ ⎟⎢ ⎥⎜ ⎟ ⎜ ⎟⎢ ⎥⎢ ⎥⎝ ⎠⎣ ⎦ ⎝ ⎠⎣ ⎦
.  (18) 
In a diode structure, the problem is complicated due to nonuniformity of the electric field in 
the space-charge region. However, due to the fact that the electric field strength decreases 
linearly from the surface to the bulk of the semiconductor, the field nonuniformity can be 
reduced to the substitution of E in Eqs. (16) and (17) by its average values E(0,x) and E(x,W) in 
the portion (0, x) for electrons and in the portion (x, W) for holes, respectively: 
 ( , )
( )
1ox W
eV x
E
eW W
ϕ − ⎛ ⎞= −⎜ ⎟⎝ ⎠ ,  (19) 
 (0 , )
( )
2ox
eV x
E
eW W
ϕ − ⎛ ⎞= −⎜ ⎟⎝ ⎠ .  (20) 
Thus, with account made for this, the Hecht equation for the space-charge region of 
CdS/CdTe heterostructure takes the form  
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⎤
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Fig. 9(a) shows the curves of charge-collection efficiency ηc(x) computed by Eq. (21) for the 
concentration of uncompensated acceptors 3×1016 cm–3 and different carrier lifetimes τ = τno 
= τpo. It is seen that for the lifetime 10–11 s the effect of losses in the space-charge region is 
remarkable but for τ ≥ 10–10 s it is insignificant (μn and μn were taken equal to 500 and 60 
cm2/(V⋅s), respectively). For larger carrier lifetimes the recombination losses can be 
neglected at lower values Na – Nd.  
Thus, the recombination losses in the space charge-region depend on the concentration of 
uncompensated acceptors Na – Nd and carrier lifetime τ in a complicated manner.  It is also 
seen from Fig. 9(a) that the charge collection efficiency ηc is lowest at the interface  
CdS-CdTe (x = 0). An explanation of this lies in the fact that the product τnоµn for electrons in 
CdTe is order of magnitude greater than that for holes. With account made for this,  
Fig. 9(b) shows the dependences of charge-collection efficiency on Na – Nd calculated at 
different carrier lifetimes for the “weakest” place of the space-charge region concerning 
charge collection of photogenerated carriers, i.e. at the cross section x = 0. From the results 
presented in Fig. 9(b), it follows that at the carrier lifetime τ ≥ 10–8 s the recombination losses 
can be neglected at the uncompensated acceptor concentration Na – Nd ≥ 1014 cm–3 while at τ 
= 10–10-10–11 s it is possible if Na – Nd is in excess of 1016 cm–3. 
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Fig. 9. (a) The coordinate dependences of the charge-collection efficiency ηc(x) calculated for 
the uncompensated acceptor concentrations Na − Nd = 3×1016 cm–3 and different carrier 
lifetimes τ. (b) The charge-collection efficiency ηc at the interface CdS-CdTe (x = 0) as a 
function of the uncompensated acceptor concentration Na – Nd calculated for different 
carrier lifetimes τ. 
5. Open-circuit voltage, fill factor and efficiency of thin-film CdS/CdTe solar 
cell 
In this section, we investigate the dependences of the open-circuit voltage, fill factor and 
efficiency of a CdS/CdTe solar cell on the resistivity of the CdTe absorber layer and carrier 
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lifetime with the aim to optimize these parameters and hence to improve the solar cell 
efficiency. The open-circuit voltage and fill factor are controlled by the magnitude of the 
forward current. Therefore the I-V characteristic of the device is analyzed which is known to 
originate primarily by recombination in the space charge region of the CdTe absorber layer.  
The I-V characteristic of CdS/CdTe solar cells is most commonly described by the semi-
empirical formulae which consists the so-called “ideality” factor and is valid for some cases. 
Contrary to usual practice, in our calculations of the current in a device, we use the recombi-
nation-generation Sah-Noyce-Shockley theory developed for p-n junction (Sah et al., 1957) 
and adopted to CdS/CdTe heterostructure (Kosyachenko et al., 2005) and supplemented with 
over-barrier diffusion flow of electrons at higher voltages. This theory takes into account the 
evolution of the I-V characteristic of CdS/CdTe solar cell when the parameters of the CdTe 
absorber layer vary and, therefore, reflects adequately the real processes in the device. 
5.1 I-V characteristic of CdS/CdTe heterostructure 
The open-circuit voltage, fill factor and efficiency of a solar cell is determined from the I-V 
characteristic under illumination which can be presented as  
 d ph( ) ( )J V J V J= − ,  (22) 
where Jd(V) is the dark current density and Jph is the photocurrent density. 
The dark current density in the so-called “ideal” solar cell is described by the Shockley 
equation 
 ⎥⎦
⎤⎢⎣
⎡ −⎟⎠
⎞⎜⎝
⎛= 1exp)( sd
kT
qV
JVJ ,  (23) 
where Js is the saturation current density which is the voltage independent reverse current 
as qV is higher than few kT.  
An actual I-V characteristic of CdS/CdTe solar cells differs from Eq. (23). In many cases, a 
forward current can be described by formula similar to Eq. (23) by introducing an exponent 
index qV/AkT, where A is the “ideality” factor lied in the range 1 to 2. Sometimes, a close 
correlation between theory and experiment can be attained by adding the recombination 
component Io[exp(qV/2kT) – 1] to the dark current in Eq. (23) (Io is a new coefficient).  
Our measurements show, however, that such generalizations of Eq. (23) does not cover the 
observed variety of I-V characteristics of the CdS/CdTe solar cells. The measured voltage 
dependences of the forward current are not always exponential and the saturation of the 
reverse current is never observed. On the other hand, our measurements of I-V characteristics 
of CdS/CdTe heterostructures and their evolution with the temperature variation are 
governed by the generation-recombination Sah-Noyce-Shockley theory (Sah al., 1957). 
According to this theory, the dependence I ~ exp(qV/AkT) at n ≈ 2 takes place only in the 
case where the generation-recombination level is placed near the middle of the band gap. If 
the level moves away from the midgap the coefficient A becomes close to 1 but only at low 
forward voltage. If the voltage elevates the I-V characteristic modified in the dependence 
where n ≈ 2 and at higher voltages the dependence I on V becomes even weaker (Sah et al., 
1957; Kosyachenko et al., 2003). At higher forward currents, it is also necessary to take into 
account the voltage drop on the series resistance Rs of the bulk part of the CdTe layer by 
replacing the voltage V in the discussed expressions with V – I⋅Rs.  
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The Sah-Noyce-Shockley theory supposes that the generation-recombination rate in the 
section x of the space-charge region is determined by expression (Sah et al., 1957) 
 [ ] [ ]
2
i
po 1 no 1
( , ) ( , )
( , )
( , ) ( , )
n x V p x V n
U x V
n x V n p x V pτ τ
−= + + + ,  (24) 
where n(x,V) and p(x,V) are the carrier concentrations in the conduction and valence bands, 
ni is the intrinsic carrier concentration. The values n1 and p1 are determined by the energy 
spacing between the top of the valence band and the generation-recombination level Et, i.e. 
p1 = Nυexp(– Et/kT) and n1 = Ncexp[– (Eg– Et)/kT], where Nc = 2(mnkT/2πħ2)3/2 and 
Nv = 2(mpkT/2πħ2)3/2 are the effective density of states in the conduction and valence bands, 
mn and mp are the effective masses of electrons and holes, τno  and τpo are the effective 
lifetime of electrons and holes in the depletion region, respectively. 
The recombination current under forward bias and the generation current under reverse 
bias are found by integration of U(x, V) throughout the entire depletion layer: 
 gr = ∫W
0
J q U(x,V)dx ,  (25) 
where the expressions for the electron and hole concentrations have the forms (Kosyachenko 
et al., 2003): 
 c
Δ
( ) exp
ϕ+⎡ ⎤= −⎢ ⎥⎣ ⎦
ȝ (x,V)
p x,V N
kT
,  (26) 
 
g Δ
( ) expNυ
ϕ− − −⎡ ⎤= −⎢ ⎥⎣ ⎦
E ȝ (x,V) qV
n x,V
kT
.  (27)  
Here Δμ is the energy spacing between the Fermi level and the top of the valence band in the 
bulk of the CdTe layer, ϕ(x,V) is the potential energy of hole in the space-charge region. 
Over-barrier (diffusion) carrier flow in the CdS/CdTe heterostructure is restricted by high 
barriers for both majority carriers (holes) and minority carriers (electrons) (Fig. 2). For 
transferring holes from CdTe to CdS, the barrier height in equilibrium (V = 0) is somewhat 
lower than Eg CdS – (Δμ + Δμ CdS), where Eg CdS = 2.42 eV is the band gap of CdS and Δμ CdS is 
the energy spacing between the Fermi level and the bottom of the conduction band of CdS, 
Δμ is the Fermi level energy in the bulk of CdTe equal to kTln(Nv/p), p is the hole 
concentration which depends on the resistivity of the material. An energy barrier impeding 
electron transfer from CdS to CdTe is also high but is equal to Eg CdTe – (Δμ + Δμ CdS) at V = 0.  
Owing to high barriers for electrons and holes, under low and moderate forward voltages 
the dominant charge transport mechanism is recombination in the space-charge region. 
However, as qV nears ϕo, the over-barrier currents become comparable and even higher than 
the recombination current due to much stronger dependence on V. Since in CdS/CdTe 
junction the barrier for holes is considerably higher than that for electrons, the electron 
component dominates the over-barrier current. Obviously, the electron flow current is 
analogous to that occurring in a p-n junction and one can write for the over-barrier current 
density (Sze, 1981): 
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p n
n
n
exp 1
n L qV
J q
kTτ
⎡ ⎤⎛ ⎞= −⎢ ⎥⎜ ⎟⎝ ⎠⎣ ⎦
,  (28) 
where np = Nc exp[– (Eg – Δμ)/kT] is the concentration of electrons in the p-CdTe layer, τn 
and Ln = (τnDn)1/2 are the electron lifetime and diffusion length, respectively (Dn is the 
diffusion coefficient of electrons).  
Thus, according to the above discussion, the dark current density in CdS/CdTe 
heterostructure Jd(V) is the sum of the generation-recombination and diffusion components: 
 d r n( ) ( ) ( )gJ V J V J V= + .  (29) 
5.2 Comparison with the experimental data 
The current-voltage characteristics of CdS/CdTe solar cells depend first of all on the 
resistivity of the CdTe absorber layer due to the voltage drop across the series resistance of 
the bulk part of the CdTe film Rs (Fig. 10(a)). The value of Rs can be found from the voltage 
dependence of the differential resistance Rdif of a diode structure under forward bias. Fig. 10 
shows the results of measurements taken for two “extreme” cases: the samples No 1 and 2 
are examples of the CdS/CdTe solar cells with low resistivity (20 Ω⋅cm) and high resistivity 
of the CdTe film (4×107 Ω⋅cm), respectively. One can see that, in the region of low voltage, 
the Rdif values decrease with V by a few orders of magnitude. However, at V > 0.5-0.6 V for 
sample No 1 and V > 0.8-0.9 V for sample No 2, Rdif reaches saturation values which are 
obviously the series resistances of the bulk region of the film Rs. 
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Fig. 10. I-V characteristics (a) and dependences of differential resistances Rdif on forward 
voltage (b) for two solar cells with different resistivities of CdTe layers: 20 and 4×107 Ω⋅cm 
(300 K). 
Because the value of Rs for a sample No 1 is low, the presence of Rs does not affect the shape 
of the diode I-V characteristic. In contrast, the resistivity of the CdTe film for a sample No 2 
is ~ 6 orders higher, therefore at moderate forward currents (J > 10–6 A/cm2), the 
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experimental points deviate from the exponential dependence which is strictly obeyed for 
sample No 1 over 6 orders of magnitude.  
The experimental results presented in Fig. 11 reflect the common feature of the I-V 
characteristic of a thin-film CdS/CdTe heterostructure (sample No 1). The results obtained 
for this sample allow interpreting them without complications caused by the presence of the 
series resistance Rs. Nevertheless, in this case too, the forward I-V characteristic reveals 
some features which are especially pronounced. As one can see, under forward bias, there is 
an extended portion of the curve (0.1 < V < 0.8 V) where the dependence I ∼ exp(qV/AkT) 
holds for A = 1.92. At higher voltages, the deviation from the exponential dependence 
toward lower currents is observed. It should be emphasized that this deviation is not caused 
by the voltage drop across the series resistance of the neutral part of the CdTe absorber layer 
Rs (which is too low in this case). If the voltage elevates still further (> 1 V), a much steeper 
increase of forward current is observed.  
Analysis shows that all of varieties  of the thin-film I-V characteristics are explained in the 
frame of mechanism involving the generation-recombination in the space-charge region in a 
wide range of moderate voltages completed by the over-barrier diffusion current at higher 
voltage. 
The results of comparison between the measured I-V characteristic of the thin-film 
CdS/CdTe heterostructure (circles) and that calculated using Eqs. (25), (28) and (29) (lines) 
are shown in Fig. 11.  
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Fig. 11. (a) I-V characteristic of thin-film CdS/CdTe heterostructure. The circles and solid 
lines show the experimental and calculated results, respectively. (b) Comparison of the 
calculated and measured dependences in the range of high forward currents (Jgr and Jn are 
the recombination and diffusion components, respectively).  
To agree the calculated results with experiment, the effective lifetimes of electrons and holes 
in the space-charge region were taken τno = τpo = τ  = 1.2×10–10 s (τ determines the value of 
current but does not affect the shape of curve). The ionization energy Et was accepted to be 
0.73 eV as the most effective recombination center (the value Et determines the rectifying 
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coefficient of the diode structure), the barrier height ϕo and the uncompensated acceptor 
concentration Na − Nd were taken 1.13 eV and 1017 cm–3, respectively. One can see that the  
I-V characteristic calculated in accordance with the above theory (lines) are in good 
agreement with experiment both for the forward and reverse connection (circles). 
Attention is drawn to the fact that the effective carrier lifetime in the space charge region  
τ = (τn0τp0)1/2 was taken equal to 1.5 × 10-8 s whereas the electron lifetime τn in the crystals is 
in the range of 10-7 s or longer (Acrorad Co, Ltd., 2009). Such a significant difference 
between τ  and τn appears reasonable since τn is proportional to 1/Nt f, where Nt is the 
concentration of recombination centers and f is the probability that a center is empty. Both of 
the values τn0 and τp0 in the Sah-Noyce-Shockley theory are proportional to 1/Nt. At the 
same time, since the probability f in the bulk part of the diode structure can be much less 
than unity, the electron lifetime τn can be far in excess of the effective carrier lifetime τ in the 
space-charge region. 
5.3 Dependences of open-circuit voltage, fill factor and efficiency on the parameters  
of thin-film CdS/CdTe solar cell 
The open-circuit voltage Voc, fill factor FF and efficiency η of a solar cell is determined from 
the I-V characteristic under illumination which can be presented as  
 phd )()( JVJVJ −= ,  (30) 
where Jd(V) and Jph are the dark current and photocurrent densities, respectively.  
Calculations carried out for the case of a film thickness d = 5 µm which is often used in the 
fabrication of CdTe-based solar cells and a typical carrier lifetime of 10–9-10–10 s (Sites et al., 
2007) in thin-film CdTe/CdS solar cells show that the maximum value of Jsc ≈ 25-26 mA/cm2 
(Fig. 8(b)) is obtained when the concentration of noncompensated acceptors is Na – Nd = 
1015-1016 cm–3. Therefore, in the following calculations a photocurrent density Jsc ≈ 26 
mA/cm2 will be used.  
In Fig. 12(a) the calculated I-V characteristics of the CdS/CdTe heterojunction under 
illumination are shown. The curves have been calculated by Eq. (30) using Eqs. (25), (28), 
(29) for τ = τno  = τpo = 10–9 s, Na – Nd = 1016 cm–3 and various resistivities of the p-CdTe layer.  
As is seen, an increase in the resistivity ρ of the CdTe layer leads to decreasing the open-
circuit voltage Voc. As ρ varies, Δμ also varies affecting the value of the recombination 
current, and especially the over-barrier current. The shape of the curves also changes 
affecting the fill factor FF which can be found as the ratio of the maximum electrical power 
to the product JscVoc (Fig. 12(a)). Evidently, the carrier lifetime τn also influences the I-V 
characteristic of the heterojunction under illumination. In what follows the dependences of 
these characteristics on ρ and τ are analyzed.   
The dependences of open-circuit voltage, fill factor and efficiency on the carrier lifetime 
calculated at different resistivities of the CdTe absorber layer are shown in Fig. 13. As is 
seen, Voc considerably increases with lowering ρ and increasing τ. In the most commonly 
encountered case, as τ = 10–10-10–9 s, the values of Voc = 0.8-0.85 V are far from the maximum 
possible values of 1.15-1.2 V, which are reached on the curve for ρ = 0.1 Ω⋅cm and τ > 10–8.  
A remarkable increase of Voc is observed when ρ  decreases from 103 to 0.1 Ω⋅cm. 
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Fig. 12. I-V characteristics (a) and voltage dependence of the output power (b) of CdS/CdTe 
heterojunction under АМ1.5 solar irradiation calculated for Jsc = 26 mA/cm2, τ = 10–9 s  
and different resistivities ρ of the CdTe absorber layer. 
Fig. 13(b) illustrates the dependence of the fill factor FF = Pmax/(Jsc⋅Voc) on the parameters of 
the CdS/CdTe heterostructure within the same range of ρ and τ (Pmax is the maximal output 
power found from the illuminated I-V characteristic). As it is seen, the fill factor increases 
from 0.81-0.82 to 0.88-0.90 with the increase of the carrier lifetime from 10–11 to 10–7 s. The 
non-monotonic dependence of FF on τ for ρ = 0.1 Ω⋅cm is caused by the features of the I-V 
characteristics of the CdS/CdTe heterostructures, namely, the deviation of the I-V 
dependence from exponential law when the resistivity of CdTe layer is low (see Fig. 11, 
V > 0.8 V).  
Finally, the dependences of the efficiency η = Pout /Pirr on the carrier lifetime τn calculated 
for various resistivities of the CdTe absorber layer are shown in Fig. 13(c), where Pirr is the 
AM 1.5 solar radiation power over the entire spectral range which is equal to 100 mW/cm2 
(Standard IOS, 1992). As it is seen, the value of η remarkably increases from 15-16% to 21-
27.5% when τ and ρ changes within the indicated limits. For τ = 10–10-10–9 s, the efficiency 
lies near 17-19% and the enhancement of η by lowering the resistivity of CdTe layer is 0.5-
1.5% (the shaded area in Fig. 13(c)). 
Thus, assuming τ = 10–10-10–9 s, the calculated results turn out to be quite close to the 
experimental efficiencies of the best samples of thin-film CdS/CdTe solar cells (16-17%).  
The conclusion followed from the results presented in Fig. 13(c) is that in the case of a 
CdS/CdTe solar cell with CdTe thickness 5 μm, enhancement of the efficiency from 16-17% 
to 27-28% is possible if the carrier lifetime increases to τ  ≥ 10–6 s and the resistivity of CdTe 
reduces to ρ ≈ 0.1 Ω⋅cm. Approaching the theoretical limit η = 27-28% requires also an 
increase in the short-circuit current density. As it is follows from section 3.3, the latter is 
possible for the thickness of the CdTe absorber layer of 20-30 μm and more. 
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Fig. 13. Dependences of the open-circuit voltage Voc (a), fill factor FF (b) and efficiency η (c)   
of CdS/CdTe heterojunction on the carrier lifetime τ calculated by Eq. (30) using Eqs. (24)-
(29) for various resistivities ρ of the CdTe layer. The experimental results achieved for the 
best samples of thin-film CdS/CdTe solar cells are shown by shading. 
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6. Conclusion 
The findings of this paper give further insight into the problems and ascertain some 
requirements imposed on the CdTe absorber layer parameters in a CdTe/CdS solar cell, 
which in our opinion could be taken into account in the technology of fabrication of solar 
cells.  
The model taking into account the drift and diffusion photocurrent components with regard 
to recombination losses in the space-charge region, at the CdS-CdTe interface and the back 
surface of the CdTe layer allows us to obtain a good agreement with the measured quantum 
efficiency spectra by varying the uncompensated impurity concentration, carrier lifetime 
and surface recombination velocity.  Calculations of short-circuit current using the obtained 
efficiency spectra show that the losses caused by recombination at the CdTe-CdS interface 
are insignificant if the uncompensated acceptor concentration Na – Nd in CdTe is in excess of 
1016 cm–3. At Na – Nd ≈ 1016 cm–3 and the thickness of the absorbing CdTe layer equal to 
around 5 µm, the short-circuit current density of 25-26 mA/cm2 can be attained. As soon as 
Na – Nd deviates downward or upward from this value, the short-circuit current density 
decreases significantly due to recombination losses or reduction of the photocurrent 
diffusion component, respectively. Under this condition, recombination losses in the space-
charge region can be also neglected, but only when the carrier lifetime is equal or greater 
than 10–10 s.  
At Na – Nd ≥ 1016 cm–3, when only a part of charge carriers is generated in the neutral part of 
the p-CdTe layer, total charge collection can be achieved if the electron lifetime is equal to 
several microseconds. In this case the CdTe layer thickness d should be greater than that 
usually used in the fabrication of CdTe/CdS solar cells (2-10 μm). However, in a common 
case where the minority-carrier (electron) lifetime in the absorbing CdTe layer amounts to 
10–10–10–9 s, the optimum layers thickness d is equal to 3–4 μm, i.e., the calculations support 
the choice of d made by the manufacturers mainly on an empirical basis. Attempts to reduce 
the thickness of the CdTe layer to 1–1.5 μm with the aim of material saving appear to be 
unwarranted, since this leads to a considerable reduction of the short-circuit’s current 
density Jsc and, ultimately, to a decrease in the solar-cell efficiency. If it will be possible to 
improve the quality of the absorbing layer and, thus, to raise the electron lifetime at least to 
10–8 s, the value of Jsc can be increased by 1–1.5 mA/cm2. 
The Sah-Noyce-Shockley theory of generation-recombination in the space-charge region 
supplemented with over-barrier diffusion flow of electrons provides a quantitative 
explanation for all variety of the observed I-V characteristics of thin-film CdS/CdTe 
heterostructure. The open circuit voltage Voc significantly increases with decreasing the 
resistivity ρ of the CdTe layer and increasing the effective carrier lifetime τ in the space 
charge region. At τ = 10–10-10–9 s, the value of Voc is considerably lower than its maximum 
possible value for ρ ≈ 0.1 Ω⋅cm and τ > 10–8 s and the calculated efficiency of a CdS/CdTe 
solar cell with a CdTe layer thickness of 5 μm lies in the range 17-19%. An increase in the 
efficiency and an approaching its theoretical limit (28-30%) is possible in the case when  
the electron lifetime τn ≥ 10–6 s and the thickness of CdTe absorber layer is 20-30 μm or more. 
The question of whether an increase in the CdTe layer’s thickness is reasonable under the 
conditions of mass production of solar modules can be answered after an analysis of 
economic factors.  
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